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ABSTRACT
Diffusion of boron (B) in germanium (Ge) at temperatures ranging between 800 C and 900 C is revisited following the most recent results
reported by Uppal et al. [J. Appl. Phys. 96, 1376 (2004)] that have been obtained mainly with implantation doped samples. In this work, we
determined the intrinsic B diffusivity by employing epitaxially grown alternating undoped and B-doped Ge layer structures with three differ-
ent dopant concentrations of 4 1017 cm3, 1 1018 cm3, and 3 1018 cm3. The diffusional broadening of B was analyzed by means of
secondary ion mass spectrometry (SIMS) and numerically described to determine the diffusion coefficient. Additional SIMS analyses
revealed a gradient in the oxygen (O) background concentration of the epitaxially doped Ge structure. A high O content observed in
near-surface regions correlates with enhanced B diffusion. In contrast, B-doped regions with low O content showed a significantly lower B
diffusivity representing the intrinsic diffusivity. The B diffusion coefficients are significantly lower compared to literature data and best
described by a diffusion activation enthalpy and a pre-exponential factor of (4:09+ 0:21) eV and 265þ2256237 cm
2 s1, respectively.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5134537
I. INTRODUCTION
Over the past decade, germanium (Ge) as material for elec-
tronic applications has received some attention due to its promising
application in silicon (Si) based integrated circuit technology.1–3
Using Ge or SiGe epitaxial layers instead of Si, one can take advan-
tage of the higher carrier mobility in Ge-rich layers.4 Since doping
of semiconductors is essential for the fabrication of electronic
devices, the properties of n-type dopants, such as phosphorus
(P),5–14 arsenic (As),6,8,9,13,15–17 and antimony (Sb),6,8,9,18 and
p-type dopants, such as boron (B),12,19–23 aluminum (Al),24
gallium (Ga),25,26 and indium (In)27 in Ge, have been the subject of
numerous studies. In particular, the diffusion of these dopants in
Ge under intrinsic8,19,24,26,27 and extrinsic8,10,14–17,27 doping condi-
tions as well as under thermal equilibrium8,19,24,26,27 and nonequi-
librium12,20,22,23 conditions has been investigated in order to
characterize the atomic mechanisms of diffusion and the type of
point defects involved. Based on these diffusion studies, the
vacancy mechanism with doubly negatively charged vacancies V2
and singly negatively charged dopant-vacancy pairs XV,8,9,17
XVO Xþs þ V2, (1)
has been identified as the dominant mechanism that mediates the
diffusion of mainly substitutionally dissolved n-type dopants Xs
with X [ {P, As, Sb}.8 Moreover, the mechanism that causes deac-
tivation of n-type dopants in Ge during diffusion could be identi-
fied as a defect reaction,
XV þ Xþs O X2V0, (2)
between the mobile singly negatively charged dopant-vacancy pair
XV and the virtually immobile singly positively charged substitu-
tional donor atom Xþs .
9 This reaction forms neutral X2V0 dopant-
vacancy complexes that upon cooling to room temperature can
serve as the nucleation site for the formation of other stable defect
clusters whose concentrations and specific structures will depend
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on cooling.28 Various dopant-defect clusters have been predicted
by theoretical calculations28 to contribute to donor deactivation
and some of which have been verified by positron annihilation
spectroscopy.29,30
Compared to the present understanding of the atomic mecha-
nisms mediating the diffusion and deactivation of n-type dopants
in Ge,8,9,28,31,32 our knowledge on p-type dopants is less compre-
hensive. Considering the diffusion behavior of In and Ga in Ge
neither a dopant deactivation nor a strongly enhanced diffusion
under extrinsic doping is observed.26,27 This is consistently
described on the basis of the vacancy mechanism27,28
XVO Xs þ V0 (3)
with mobile dopant-vacancy pairs XV that are singly negatively
charged, i.e., dopant-vacancy pairs possess the same charge state as
the substitutional acceptors Xs . The vacancy involved in the diffu-
sion mechanism (3) is mainly in its neutral charge state under
p-type doping as determined by the impact of doping on self-
diffusion in Ge.33 The similarity in the diffusion behavior of Al,
Ga, and In, which is close to Ge self-diffusion in magnitude, sug-
gests that the vacancy mechanism (3) mainly mediates the diffusion
of these p-type dopants X with X [ {Al, Ga, In}.27,28
In contrast, the diffusion of B in Ge is several orders of magni-
tude lower compared to Al, Ga, and In and described by a diffusion
activation enthalpy of (4:65+ 0:3) eV19 that exceeds the correspond-
ing values of Al (3.45 eV),24 Ga (3.21 eV),26 In (3.51 eV),27 and
Ge (3.13 eV)34 by more than 1 eV. The high activation enthalpy of
B diffusion in Ge is assumed to indicate that self-interstitials mediate
the diffusion process.19 In fact, a dominance of self-interstitials in
B diffusion has been verified by studies under nonequilibrium condi-
tions, that is, by experiments that maintain a supersaturation of
self-interstitials during diffusion.12,20,22,23 Moreover, theoretical
calculations confirm a self-interstitial rather than vacancy mediated
diffusion of B in Ge.35,36 Accordingly, general agreement on the
mechanism of B diffusion in Ge seems to exist.37
The most recent and trustworthy study on B diffusion in Ge
was performed by Uppal et al.19 The authors mainly utilized
B-implanted Ge samples for their diffusion experiments performed
at temperatures between 800 C and 900 C. A single result reported
for B diffusion in an epitaxially grown B-doped Ge structure is lower
than data deduced from implantation doped samples. Uppal et al.
argue that the deviation in the B diffusion coefficients of implanted
and epitaxially grown material lies within the experimental errors.
The apparent lower B diffusion coefficient in epitaxially doped
Ge and the limited temperature range considered by Uppal et al.19
for their diffusion study motivated us to perform experiments with
epitaxially B-doped Ge structures. Moreover, we tried to extend the
diffusion experiments to lower temperatures to obtain a wider tem-
perature range for a more accurate determination of the diffusion
activation enthalpy. We obtained significantly lower values for B
diffusion in epitaxially doped structures compared to the data
reported by Uppal et al. for implantation doped samples. In accord
with the former work, only B diffusion data for temperatures
between 800 C and 900 C could be determined. Experiments
below 800 C failed due to severe Ge surface degradation that has
hindered an accurate analysis of the B diffusion profiles by means
of secondary ion mass spectrometry (SIMS). The unexpected chal-
lenge to study B diffusion for temperatures below 800 C is dis-
cussed and explained by Ge corrosion, that becomes significant, in
particular, for the long annealing times at low temperatures.
II. EXPERIMENTAL
For studying B diffusion in Ge, an approximately 700 nm
thick epitaxial Ge layer structure with alternating undoped and
B-doped regions was grown by means of molecular beam epitaxy
(MBE) on top of a (100)-oriented high ohmic (30Ω cm) p-type
single crystalline Ge wafer. The structure consists of three B-doped
layers each about 100 nm in thickness and separated among by
100 nm thick undoped Ge. Dopant concentrations of about
4 1017 cm3, 1 1018 cm3, and 3 1018 cm3 were established
by MBE that are below the intrinsic carrier concentration
ni(900) ¼ 9:4 1018 cm3 and ni(800 C) ¼ 6:3 1018 cm3 of
the diffusion temperature range.8 Accordingly, our study of B diffu-
sion performed by means of epitaxially doped Ge structures reflects
the diffusion behavior under electronically intrinsic conditions.
Samples with lateral dimensions of approximately
(2 2) mm2 were cut from the wafer and cleaned with acetone
and methanol. Subsequently, the samples were placed in high
purity quartz ampoules, flushed with argon, evacuated to
105 mbar, and finally sealed. Diffusion annealing was performed
at temperatures between 800 C and 900 C. After the thermal
treatments, topography analysis was performed by means of non-
contact atomic force microscopy (AFM). A mean roughness of
& 2 nm was determined. Compared to the diffusional broadening
of the B profiles in the range of 2
ffiffiffiffiffi
Dt
p ¼ 19 nm to 2 ffiffiffiffiffiDtp ¼ 25 nm,
the surface roughness does not affect the measurement of the B
profiles significantly. The distribution of B was measured with
time-of-flight SIMS (ToF-SIMS) utilizing 1 keV oxygen ions for
sputtering and 25 keV bismuth cluster ions (Bi3) for analysis. The
BO2 signal is used to characterize the B profile (negative ion
mode). Additional ToF-SIMS measurements were conducted to
determine the O-concentration profiles of selected samples. The
oxygen signal is measured in the negative ion mode (O) by sput-
tering with 2 keV cesium (Cs) ions. The analysis was performed
with 25 keV Bi ions. B- and O-implanted calibration samples were
used to convert the measured signals to the corresponding chemi-
cal concentrations. In order to achieve high sensitivity for the
detection of B and O with ToF-SIMS, the concentration profiles of
these elements were measured separately, that is, on different posi-
tions on the sample.
III. RESULTS
Figures 1 and 2 show B diffusion profiles measured with
ToF-SIMS after annealing at 875 C and 850 C for 60 and
180 min, respectively. Compared to the as-grown structure, a pro-
nounced broadening is observed. In order to extract the B diffusion
coefficient DB from the experimental profiles, Fick’s second law of
diffusion,
@CB(x, t)
@t
¼ DB @
2CB(x, t)
@x2
, (4)
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was solved numerically. The as-grown B profile was considered as
initial B distribution. Equation (4) assumes a concentration-
independent B diffusion coefficient. The high quality of the fits to
the measured profiles justifies these assumptions. Best fits are
shown in Figs. 1 and 2 by the red solid lines. The diffusional broad-
ening of the three B-doped regions obtained after annealing at
875 C for 60 min is accurately described by a single value of DB,
which indicates a homogeneous broadening across the entire layer
structure (see Fig. 1). In contrast, analysis of the B distribution
measured after annealing at 850 C for 180 min reveals that only
the diffusional broadening of the second and third B peaks located
in the range of 300–400 nm and 500–600 nm, respectively, is accu-
rately described by a single value of DB (see Fig. 2). The first B
peak close to the surface shows a stronger diffusional broadening.
Such an enhanced diffusion of B in the region of up to 200 nm
below the surface was also detected on samples annealed at temper-
atures below 850 C. With decreasing temperature and increasing
diffusion time, the anomalous broadening tends to reach the
second B peak and finally the whole epitaxial layer.
Motivated by a study on Ge corrosion published by Smith
et al.,38 we analyzed the oxygen (O) distribution in both untreated
and annealed Ge. For this purpose, Cs instead of O was used
as a sputter ion during ToF-SIMS profiling. Figure 3 shows
O-concentration depth profiles and three-dimensional (3D) repre-
sentations of the O distribution at two different positions of a pol-
ished Ge wafer without epitaxial layer before any heat treatment.
The inset of Fig. 3 displays the 3D distribution of O obtained for a
surface area of 100 100 μm2 up to a depth of 300 nm (left part)
and 400 nm (right part). The number density of the dots reflects
the level of oxygen detected at the surface (see the top part of the
insets) and inside the sample. The local high oxygen concentration
that extends in columns to a depth of 60 nm (left part of inset) and
400 nm (right part of inset) into the sample is characteristic for a
corrosion attack of the Ge surface that likely has occurred in the
laboratory environment.39 The one-dimensional O profiles are dis-
played by solid lines in the corresponding color code. The
O-containing region shown in the left inset gives rise to a 1D O
profile that drops to the detection limit at a depth of about 60 nm.
On the other hand, the 3D O distribution illustrated in the right
inset suggests an O profile that extends much deeper into the mate-
rial. The two 1D oxygen profiles look very much different although
in both cases the profiles result from oxygen columns inside the Ge
FIG. 1. ToF-SIMS concentration depth profiles of boron (B) (black) and oxygen
(O) (blue) after annealing at 875 C for 60 min in comparison to the as-grown
B-doped Ge epitaxial layer structure (gray). After annealing, a diffusional broad-
ening of the B profile was measured with ToF-SIMS. The O profile reveals a
high concentration at the surface that decreases with increasing depth to the
ToF-SIMS detection limit. The O profile is caused by an inhomogeneous O dis-
tribution. This is evidenced by the inset that shows the O distribution within a
3D measurement volume with a dimension of 100 μm 100 μm 800 nm. The
intensity indicates the O content, the darker the spot, the higher the oxygen
content. The homogeneous broadening of the three B-doped regions is
described by a single effective diffusion coefficient of 3:1 1016 cm2 s1. This
demonstrates that B diffusion is not significantly affected by O for concentrations
close to and below 1019 cm3 in a measurement volume.
FIG. 2. ToF-SIMS concentration depth profiles of B (black) and O (blue) after
annealing at 850 C for 3 h. The B distribution of the as-grown layer structure
(gray) is shown for comparison. The O profile within the region of the first
B-doped Ge layer reveals an O concentration clearly above 1019 cm3. The cor-
responding 3D distribution of O obtained for the measurement volume of
100 μm 100 μm 800 nm is illustrated by the inset. The diffusional broaden-
ing of the near-surface B peak appears disturbed and stronger compared to the
broadening of the deeper B peaks. This enhanced B diffusion is considered to
be affected by oxygen. The broadening of the second and third B peaks is accu-
rately described by a single effective diffusion coefficient of 1:1 1016 cm2 s1.
Obviously, the mean O concentration close to and below 1019 cm3 in the range
of this measurement volume does not significantly affect B diffusion.
Journal of
Applied Physics ARTICLE scitation.org/journal/jap
J. Appl. Phys. 127, 025703 (2020); doi: 10.1063/1.5134537 127, 025703-3
Published under license by AIP Publishing.
wafer. This demonstrates that 1D representations of oxygen profiles
in Ge may not suggest the true distribution of this element.
The insets of Figs. 1 and 2 show 3D ToF-SIMS analyses of the
lateral O distribution of the Ge samples annealed at 875 C and
850 C, respectively. The analyzed volumes span a surface area of
100 100 μm2 and a depth of about 800 nm. A high O concentra-
tion is detected close to the surface (see the top part of the insets)
that likely results from oxygen residues in the ampoule during
annealing. In addition, an inhomogeneous spread of O into the Ge
layer structure is detected, which is evident in the selective penetra-
tion of O into Ge that forms O-rich columns inside the Ge mate-
rial. Apparently, the range of the Ge crystal affected by oxygen
seems to be stronger correlated with the annealing time rather than
with the temperature, i.e., the longer the time of annealing, the
more pronounced the range of Ge affected by oxygen. Presumably,
Ge surface corrosion proceeds during closed ampoule annealing
due to oxygen or hydrogen-oxygen residues that could stem from
the quartz ampoule, from the surface of the Ge samples, and/or
from already corroded areas of Ge. Since B and O profiles can only
be measured with different sputter ions, it is not possible to deter-
mine simultaneously the B and corresponding O profiles on the
same sample area. SIMS analyses of the O distribution mainly
reveal a high O concentration within the first 200 nm from
the sample surface (see O profile of Figs. 1 and 2), whereas, at
depths close to and above 500 nm, the O content detected with
SIMS is below 1019 cm3 or approaches the detection limit of
3–4 1017 cm3. Accordingly, the diffusion coefficient determined
from the diffusional broadening of the third B peak is assumed not
to be affected by oxygen. Figure 4 shows the third peak of the
B-doped Ge layer structure after annealing at 850 C for 3 h. The
experimental B diffusion profile is accurately described by a single
concentration-independent B diffusion coefficient. The data
deduced from the numerical simulation of the diffusional
broadening of the third B peak from all samples annealed at tem-
peratures between 805 C and 900 C are illustrated in Fig. 5 com-
pared to the results reported by Uppal et al.19 Our work reveals
lower values for B diffusion in Ge than that of Uppal et al. The red
solid line in Fig. 5 displays the temperature dependence of B diffu-
sion, which is described by
DB ¼ 265þ2256237 exp 
(4:09+ 0:21) eV
kBT
 
cm2 s1 (5)
and obtained by fitting an Arrhenius expression to the experimen-
tal data summarized in Table I. The temperature dependence of the
diffusion coefficients of the p-type dopants Al,24 Ga,26 and In27 as
well as that of Ge self-diffusion34 is displayed for comparison.
IV. DISCUSSION
Figure 5 reveals that our data on B diffusion in Ge are signifi-
cantly lower than those of Uppal et al.19 Uppal et al. mainly uti-
lized B-implanted Ge samples for their diffusion experiments. They
also prepared an epitaxial B-doped Ge layer and analyzed the
broadening of the B profile after annealing at 875 C for 12 h. A
lower value of DB was obtained (see the gray solid square in Fig. 5)
but it was argued that this value is consistent with the data
deduced from the ion-implanted samples. Whether the disparity in
the former DB data of implantation and epitaxial B-doped Ge is
significant remains unsolved. Likewise, an impact of oxygen on B
diffusion can hardly be verified because O profiles were not
reported by Uppal et al.19 However, since Uppal also preferred
closed ampoule annealing and their B profiles are in a region of
200 nm below the surface, an impact of oxygen cannot be excluded.
After annealing, our epitaxial B-doped multilayers reveal B
diffusivities in the range of the first B peak that are approximately a
FIG. 3. One- and three-dimensional representation of the distribution of oxygen
(O) measured with ToF-SIMS at two different positions of an untreated Ge
wafer. The three-dimensional (3D) distribution of O is shown by the inserted
figure in the same color code as the one-dimensional oxygen concentration
depth profile deduced from the respective measurement volume.
FIG. 4. Concentration profile of the third boron peak of the Ge layer structure
measured with ToF-SIMS after annealing at 850 C for 3 h (black solid line).
The B distribution of the as-grown layer structure is shown for comparison
(gray solid line). The red line represents the numerical solution of Eq. (4) that
best describes the experimental profile. The value determined for DB is listed
in Table I.
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factor of two higher than those describing the broadening of the
third B peak. On the other hand, the broadening of the second and
third B peaks is either very similar or deviates by not more than
20%. Thereby, mainly the second peak broadens stronger than the
third one. This systematic led us to conclude that the data deter-
mined from the diffusional broadening of the third peak represent
a good measure for B diffusion in Ge under electronically intrinsic
and thermal equilibrium conditions.
The B diffusion activation enthalpy of Q ¼ 4:09 eV19 exceeds
the activation enthalpy Q ¼ 3:13 eV34 of self-diffusion by about
1 eV. Evaluating the diffusion of B in Ge under intrinsic and local
equilibrium conditions on the basis of the vacancy XV O Xs þ V
and interstitialcy XIO Xs þ I mechanisms,40 with I representing
the Ge interstitial, the diffusion coefficient DB equals either
41
DB ¼ C
eq
BVDBV
CeqBs
or DB ¼ C
eq
BIDBI
CeqBs
: (6)
In the framework of the vacancy mechanism that mainly mediates
the diffusion of n-type dopants and other p-type dopants in Ge
(see Sec. I), the higher activation enthalpy of B compared to
self-atom diffusion points to a repulsive interaction between the
dopant and the vacancy that is confirmed by theoretical calcula-
tions.42,43 On the other hand, assuming the interstitialcy
mechanism, the high diffusion activation enthalpy of B diffusion
suggests a high formation enthalpy of self-interstitials that has also
been confirmed by theoretical studies.35,36 In fact, the calculations
of Janke et al.36 yield an activation enthalpy of 4.3 eV for B diffu-
sion in Ge via self-interstitials, which is in good agreement with
our result considering the accuracy of the theoretical and experi-
mental work. Since the behavior of B diffusion in Ge under intrin-
sic and thermal equilibrium conditions can be explained on the
basis of both the vacancy and the interstitialcy mechanism, it still
remains unsolved which mechanism dominates B diffusion in Ge
under electronically intrinsic and thermal equilibrium conditions.
Experiments on B diffusion under nonequilibrium conditions, i.e.,
experiments that, e.g., create a supersaturation of self-interstitials
compared to thermal equilibrium, reveal a strong enhancement of
B diffusion in Ge.12,20,22,23,37 The enhanced B diffusion supports a
self-interstitial mediated diffusion under the nonequilibrium condi-
tions realized by irradiation but does not provide direct evidence
on the mechanism mediating B diffusion in thermal equilibrium.
The SIMS measurements performed in the framework of this
work reveal various levels of O concentrations before and after
annealing. Unfortunately, O and B cannot be recorded simultane-
ously with ToF-SIMS (see Sec. II). This hinders to detect direct cor-
relations in the O and B profiles and thus to identify possible
defect reactions among these foreign atoms. Certainly, regions with
high O concentrations reveal higher B diffusivities than regions
with low concentrations. Scapellato et al.44 report an impact of O
by the formation of GeO2 nanoclusters on B diffusion in Ge. The
structural transformation of the nanoclusters formed in
O-implanted Ge upon annealing inject self-interstitials that is evi-
denced in an enhanced B diffusion. A formation and transforma-
tion of GeO2 nanoclusters could have also affected the broadening
of the B peaks in regions with high oxygen content. Cross-sectional
transmission electron microscopy analyses will be performed to
verify the presence of GeO2 nanoclusters in our epitaxial B-doped
multilayers. The results of these investigations will be published
elsewhere.
The observed impact of O on B diffusion in Ge raises the
question whether O and, in particular, an unintentional doping
with O may have affected experimental studies on the diffusion of
TABLE I. Diffusion coefficients DB of boron in germanium determined from the
boron-doped epitaxial layer structure after annealing at the temperatures T and times
t indicated. The data represent the diffusional broadening of the third boron-doped
layer that is located in the range of 500–600 nm beneath the surface. This region of
the Ge layer structure is not significantly affected by oxygen that penetrates into the
layer during diffusion annealing.
T (°C) t (min) DB (cm
2 s−1)
805 1440 1.6 × 10−17
825 600 4.4 × 10−17
840 180 9.3 × 10−17
850 180 1.1 × 10−16
874 60 2.5 × 10−16
875 60 3.1 × 10−16
900 30 5.8 × 10−16
FIG. 5. Temperature dependence of the B diffusion coefficient in Ge determined
in this work (red circles and red solid line) in comparison to the results reported
by Uppal et al.19 (gray symbols and gray solid line). The gray open and solid
squares represent data obtained from Ge samples doped with B by ion implan-
tation and in situ during epitaxial growth, respectively. The red (gray) solid line
shows the temperature dependence of B diffusion that is best described by an
activation enthalpy of Q ¼ (4:09+ 0:21) eV [(4:65+ 0:3) eV] and a pre-
exponential factor of D0 ¼ 265þ2256237 cm2 s1 (D0 ¼ 1:97 105 cm2 s1). The
reported diffusion temperature dependence of the p-type dopants Al,24 Ga,26
In,27 and Ge self-diffusion34 is shown for comparison.
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n-type and other p-type dopants in Ge reported in the literature.
This is highly unlikely since no irregularities have been observed in
the diffusion behavior of, e.g., the n-type dopants phosphorous,
arsenic, and antimony and the p-type dopant indium for tempera-
tures between 600 C and 900 C.8,27 The challenge to extend B dif-
fusion experiments to temperatures below 800 C is due to the long
annealing time that is required to determine a diffusional broaden-
ing of B with SIMS that is significantly longer than for other
dopants in Ge because the B diffusivity is several orders of magni-
tude lower (see Fig. 5). Accordingly, the risk to corrode the Ge
surface during B diffusion for long times of annealing at tempera-
tures below 800 C is quite high. Additional studies on the diffu-
sion behavior and reaction of oxygen in Ge could reveal more
information as our understanding of the property of oxygen in Ge
is presently still limited.45
V. CONCLUSION
We have studied the diffusion of boron in epitaxially doped
germanium multilayer structures at temperatures between 800 C
and 900 C and obtained significantly lower B diffusion coefficients
than those reported in the literature for implantation doped
samples. The temperature dependence of B diffusion is best
described by a diffusion activation enthalpy and a pre-exponential
factor of (4:09+ 0:21) eV and 265þ2256237 cm
2 s1, respectively. The
results represent diffusion data for thermal equilibrium and elec-
tronically intrinsic conditions and form a benchmark to identify
nonequilibrium and doping effects in the diffusion behavior of B in
Ge under different experimental conditions. Experiments per-
formed to extend the temperature dependence of B diffusion to
lower temperatures failed due to severe surface degradation.
Oxygen residues in the annealing environment that could stem
from the quartz ampoule and/or already oxidized areas of the Ge
sample are considered to be responsible for the surface degradation
that seems to increase with increasing anneal time rather than tem-
perature. This behavior points to a corrosion process that degrades
the surface, in particular, during long time annealing. The diffusion
of B is enhanced in regions with oxygen concentrations exceeding
1019 cm3, whereas for concentrations below 1019 cm3 no signifi-
cant impact on B diffusion is observed.
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